A gas-tight pH measurement is needed to monitor water chemistry at a CO2 geological storage site. In the CO2 reservoirs, the temperature and pressure are generally more than the critical point of CO2 (31.2 C and 7.38 MPa). In this study, a colorimetric pH measurement method was examined up to 20 MPa for future application to various CO2 reservoirs. A mixture of two color indicators, bromocresol green (BCG) and metacresol purple (mCP), was considered to be a suitable measurement method between pH 3 and 9. The uncertainty up to 20 MPa was less than 0.12 pH units without any correction of pressure effects. We demonstrated a pH measurement of formation water at the Nagaoka CO2 post-injection site. The pH measurement was successfully accomplished under a high-pressure condition (ca. 11 MPa) and without degassing of CO2.
Introduction
The geological storage of CO2 is regarded as an option to mitigate anthropogenic CO2 emissions from large point sources into the atmosphere. 1 For an effective underground sequestration of CO2, captured CO2 is injected into porous media, such as sandstone and carbonate rock, more than 700 m below the surface. At this depth, the temperature and pressure are generally more than the critical point of CO2 (31.2 C and 7.38 MPa). Firstly CO2 exists as the supercritical phase in the reservoir. The volume of CO2 is drastically decreased compared to the atmospheric condition. Secondly a part of the CO2 dissolves in formation water that fills pore spaces in the reservoir, thereby decreasing the pH of the water (predicted to be around pH 3). The reaction between CO2 containing water and rocks neutralizes acidified water. Then, CO2 will be fixed as carbonate minerals. The pH is a key parameter for predicting the amount of dissolved CO2, the precipitation of carbonates in the pore spaces, the release of trace metals from the reservoir rocks, and so on.
One of the issues of pH measurement is the pressure difference between the reservoir and the surface. Gas-tight sampling through a wellbore at a CO2 storage site is possible using wireline samplers [2] [3] [4] or the U-tube system. 3, 5, 6 When a pressurized sample is opened under atmospheric pressure, dissolved CO2 easily escapes from the water, and the pH of the water increases due to degassing. Thus, the pH should be measured in the absence of degassing.
For pH measurement, electrode techniques are commonly used. However there is an uncertainty in liquid junction potential and reference electrode stability under high-pressure conditions. 7 Installation of the electrode to a closed high-pressure system is also an issue for a high-pressure pH measurement. In the laboratory, Toews et al. 8 achieved a direct measurement of the pH of water in contact with supercritical CO2 under pressures of 7 -20 MPa using the colorimetric method with bromophenol blue (BPB). They found pH values of between 2.80 and 2.95. Raghuraman et al. 7 examined pH measurements using a mixture of BPB, chlorophenol red, and phenol red in standard buffer solutions over a pH range of 3 to 9. They obtained an efficient formulation of the objective function that allows automated optimization for dye mole fractions and/or pKs, and also accounts for spectral noise.
The three-dye system was applied to real-time measurements of oilfield water at high temperatures ranging from 50 to 130 C, pressures from 17 to 52 MPa, and ionic strengths from 0.42 to 0.71 mol/kg. These results demonstrate the advantages of the colorimetric method under gas-tight and high-pressure conditions. However, the color of BPB fades in an alkaline solution, and the fading rate increases with the pressure. 9 In this study, we focused on a system development to accomplish the pH measurement under a high-pressure condition without any degassing of CO2. The pH measurement with the first decimal place is sufficient to discuss geological storage of CO2. A two-indicator system using bromocresol green (BCG) and metacresol purple (mCP) was examined over a pH range of 2 -10. The mixture of BCG and phenol red was previously used for the determination of seawater pH between 3.0 and 8.2. 10 The mCP has a lengthy track record for pH measurements of seawater at around pH 8. 11, 12 The developed method was applied to pH measurements of formation water, which was collected from a pilot-scale geological CO2 storage site at Nagaoka, Japan.
Experimental

Theory
The colors of a pH indicator change due to dissociation or association of the indicator. The acid-base equilibrium for an indicator is described as follows:
The ratio of the indicator existing in the acid form (Iacid) and the base form (Ibase) depends on the pH of the solution. Thus, the colorimetric pH is calculated using the following equation: 13
where pKa is the negative logarithm of the dissociation constant, Ka; e1, e2, and e3 are the molar absorption ratios for the indicator. The term R is the ratio of the indicator absorbances, Aλ1 and Aλ2, at λ1 and λ2, respectively. In general, λ1 and λ2 correspond to the absorbance maxima of the base and acid forms of the indicator. When the total concentration of the indicator approximates [Iacid] in the more acidic condition or [Ibase] in the more basic condition than pKa, the molar absorption ratios are represented as a function of the absorbance:
where ε is the molar absorption coefficient of acidic or basic forms of an indicator at λ1 or λ2, respectively. Aλ1,a and Aλ2,a are the absorbances measured in the acidic condition, while Aλ1,b and Aλ2,b are measured in the basic condition. When the concentration of the indicator and the cell length are equal under the both conditions, the ratio of the molar absorption coefficient is equivalent to the ratio of the absorbance. The uncertainty in the difference between [Iacid] in the acidic condition and [Ibase] in the basic condition is reduced by using e3/e2 in Eq. (2). In general, the colorimetric pH covers two to three pH units when using one indicator. Mixtures of two or more indicators are applied to measure a wider pH range. In our two-indicator system, i.e., a mixture of BCG and mCP, the following equation was used to calculate the pH: 10
The constant, f, is the ratio of the absorbance of BCG to that of mCP at λ2 when both indicators are completely in the acid form in each of the solutions:
The terms X and Y are the ratios of the base and acid forms to the indicator, respectively. These ratios relate to [H + ] as follows:
Once the dissociation constant, Ka; the molar absorption ratios, e1, e2, and e3; and the constant, f, are determined for stock solutions of the indicators, the pH can be calculated as a function of the absorbance ratio, R. In this study λ1 and λ2 are the absorbance at 592 and 450 nm, respectively.
Reagents
Indicator solutions were prepared from BCG sodium salt (Wako) and mCP sodium salt (Alfa Aesar). The sodium salt was dissolved in several drops of ethanol, and then diluted with ultra-pure water (MQW). The stock solution concentration of both indicators was 1 mmol/kg. Three buffer solutions (Wako), phthalate buffer (pH 4.01 at 25 C), phosphate buffer (pH 6.86 at 25 C), and tetraborate buffer (pH 9.18 at 25 C), were prepared for the pH measurements. To prepare other solutions having different pH values, a 0.1 N HCl solution (Wako) and a 0.1 N NaOH solution (Wako) were diluted appropriately with MQW.
Equipment
Two spectrometers were used to measure the color change of the indicators. One was a UV-visible spectrometer (V-650, JASCO), which was used to examine the absorbance changes corresponding to the pH of the two-indicator system under atmospheric pressure. The other was a triplet light-emitting diode (TLED) spectrometer with a built-in flow-through cell (TLED-09, Kimoto), used to measure pressurized samples. The analytical wavelengths were 450, 592, and 850 nm. The absorbance at 850 nm can be used to cancel any offsets due to some blemish of the quartz cell, if necessary. The pressure resistance of the flow-through cell was up to 40 MPa. The temperature at the cell was set to 25 C. Details of the TLED detection system have been described by Okamura et al. 13 For measurements under high-pressure conditions, a one-way flow system ( Fig. 1a ) and a circulation system ( Fig. 1b) were prepared. For both systems, the solution was delivered to the TLED by a pump from a high-pressure liquid chromatograph (LC-20AD, Shimadzu). The flow rate was 2 mL/min. The apparatuses were connected with a 1/16 inch tube. In the oneway flow system, the pressure of the solution was maintained by a back pressure controller (BP-2080, JASCO). A flow-through measurement of the electrical conductivity (EC) was conducted by coupling stainless-steel unions and PEEK tubes as an electrode. The circulation system was used to determine the pH of a solution pressurized with CO2. A gas-tight vessel was connected to the TLED via a liquid delivery pump. To preserve the pressure in the vessel, a syringe pump (500D, ISCO) controlled the pressure and flow of CO2.
To avoid the trouble of having to correct for any temperature dependency, the temperature is controlled to 25 C for all examinations. The TLED and gas-tight vessel are equipped with a temperature controller. The length of the 1/16 inch tube for solution introduction between the entrance of the TLED and the spectroscopy cell is sufficient to adjust the solution temperature. Additionally, the room temperature was also maintained at 25 C.
Results and Discussion
Determination of the parameters for a colorimetric pH measurement
To determine the molar absorption ratios of the indicators, the following conditions were established. For BCG, the acidic condition was prepared at pH 1 using a HCl solution, and the basic condition was prepared at pH 9 using a tetraborate buffer (pH 9.18). For mCP, the acidic condition was prepared at pH 4.5 using HCl solution, and the basic condition was prepared at pH 12 using the NaOH solution. The concentration of the indicators was 10 μmol/kg. The resulting molar absorption ratios (e1, e2, and e3), are given in Table 1 . The acid-dissociation constant of BCG was estimated using a phthalate buffer (pH 4.01). The acid-dissociation constant of mCP was obtained from the average value of the measurements using the phosphate buffer (pH 6.86) and the tetraborate buffer (pH 9.18). The negative logarithms of the acid-dissociation constants, pKa, are listed in Table 1 . The constant, f, which is the absorbance ratio of the indicators in the acid form, was calculated to be 0.8293; however, the value was optimized to fit Eq. (7) for empirical use.
Examination of applicable pH range
Seven colored solutions were prepared using HCl solutions and buffer solutions. To confirm the pH of the prepared solutions, a pH electrode (PHC2401, Radiometer Analytical) was used. The electrode was calibrated using the phosphate buffer and the phthalate buffer. The examined pH range was between 2 and 10. The concentrations of BCG and mCP in the solutions were each 10 μmol/kg. The pH of a colored solution was measured with the pH electrode (pHelec) and by spectroscopy (pHind). Figure 2 shows spectra of BCG and mCP mixtures in standard solutions. The absorbance maximum of the acid form at pH 2 was lower than that at pH 4. The diprotic form of mCP influenced the spectral changes. The spectrum at pH 10 seemed to be suitable for the pH calculation. However, R was too high (over 10) to calculate pHind. We were not able to estimate the pHind = 10. Figure 3 shows the relationship between pHind and pHelec. The two-indicator system using BCG and mCP is considered to be acceptable between pH 3 and 9.
Pressurized buffer solution measurements
There is no certified material for a pH measurement of pressurized formation water. To check the pressure effect on the colorimetry method, three colored buffer solutions were measured using the one-way flow system. Figure 4 summarizes the pH variations during 15 min of measurements at atmospheric pressures up to 20 MPa.
The standard deviation of a measurement at each pressure setting was less than 0.05%. Pressure changes did not affect the pH of the phthalate buffer (pH 4.00 -4.01), but did affect the pH of the phosphate buffer and the tetraborate buffer. The decrease in the pH from atmospheric pressure to 20 MPa was 0.12 pH units for the phosphate buffer (pH 6.86 -6.74). For the tetraborate buffer, the pH values at atmospheric pressure and 2 MPa were almost the same, but gradually decreased with increasing pressure from 4 MPa (pH 9.18 -9.08). Thus, the effect of pressure was less Fig. 1 Schematic diagrams of the experimental systems. One-way flow system (a) and circulation system (b). TLED, triplet LED spectrometer with temperature controller; EC, electrical conductivity meter; P1, pump for a high-pressure liquid chromatograph; P2, syringe pump; BP, back pressure controller; GTV, gas-tight thermostatic vessel. The pressure effect obtained from our results is considered to contain an uncertainty derived from both indicators and buffer solutions. The water density and ionic strength are changed with compression of the sample solution. These changes are regarded as influencing protonation of both indicators and buffer solutions. The purity of the indicators also affected the accuracy of a pH measurement. For example, the pressure dependence for a purified mCP-based pH measurement of seawater showed a difference of 0.1852 pH unit for the entire pressure range up to 1000 bar, the temperature of 25 C and the salinity of 35. 11 That will be a difference of 0.037 pH unit up to 20 MPa. Purification of the indicator improves the precision of the pH measurement. To improve the precision of our measurement method, parameters such as the dissociation constants and molar absorption ratios of the purified indicators should be calibrated at the target pressure using the actual formation water.
Changes in pH with CO2 pressure
To continuously measure changes in the pH with the CO2 pressure, we used the circulation system (Fig. 1b) . A mixture of indicators and MQW filled two-thirds of the vessel (Fig. 1b) . The air in the headspace of the vessel was vacuumed, and then CO2 was applied in stages from 0.2 to 12 MPa using a syringe pump. The time required for equilibrium to be reached between the CO2 and water has been reported as being 60 min. 7 The measured pH reached a constant value before the solution flow achieved one cycle (i.e., at 3 h, the circulation time depends on the solution volume). However, we obtained the pH value after the solution passed through more than one cycle in order to ensure the dissolution of CO2 in the water. The variation of the pH is shown in Fig. 5 .
Furthermore, we determined the total concentration of dissolved CO2. The pressurized colored solution was collected with a gas-tight sampler. The pressurized sample (1 mL) was mixed into 9 mL of 1 M mono-ethanol amine prepared in another gas-tight sampler. The total amount of inorganic carbon was measured using a Laboratory Total Organic Carbon Analyzer (Sievers InnovOx, GE). Based on the partial pressure of CO2, the theoretical concentration of dissolved CO2 was calculated using a thermodynamic model, reported by Duan and Sun. 14 The model was applied to the solubility of CO2 in pure water and in aqueous NaCl solutions for temperatures from 0 to 260 C, pressures from 0 to 200 MPa, and ionic strengths from 0 to 4.3 M. In particular, the solubility data were improved for temperature and pressure ranges in the non-ideal gas region. The measured and predicted concentrations are also given in Fig. 5 .
Using the theoretical concentration of dissolved CO2, the theoretical pH was predicted using PHREEQC. 15 The predicted pH is also shown in Fig. 5 . At low CO2 pressure, the measured pH values were systematically lower, by up to 0.16 pH units, than the predicted pH values. The concentrations of dissolved CO2 below 2 MPa were ≤10% higher than the predicted values. Our experimental conditions allowed enough time for the dissolution of CO2 into the water. Enrichment of the dissolved CO2 concentration was considered to be the cause of the lower pH measurements. At 8 MPa, the pH difference between the measured and theoretical values was 0.16 pH unit. It was improved to 0.04 pH unit when the measured concentration of dissolved CO2 was used for the pH calculation. The accuracy of our pH measurement was assessed by simultaneously determining the amount of CO2 dissolution.
Application of pH measurement at a CO2 storage site
To understand geochemical changes after the injection of CO2 into a saline aquifer, the method developed in this study was applied at the Nagaoka site, where approximately 10000 tonnes of CO2 were injected into a sandstone reservoir. 16 Fluid samplings were conducted at one of the observation wells, OB-2, 17 which was protected by a fiber-reinforced plastic casing. The annular space between the casing and the reservoir was bonded with cement. The inside of the well was completely isolated from the reservoir fluid. We selected a Cased Hole Dynamics Tester (CHDT, Schlumberger) for the fluid sampling. The CHDT comprises wireline tools that can drill the formation behind the casing, conduct gas-tight sampling, and then plug the drilled hole for the fluid sampling. At the OB-2 well, injected CO2 was distributed between 1113 and 1117 m depth as a phase separate from the formation water in the pore spaces. One fluid sample was collected from above the CO2-bearing layer at a depth of 1112.0 m, while two fluid samples were collected from below the CO2-bearing layer at depths of 1118.0 and 1119.5 m. Temperature and pressure of the reservoir were approximately 50 C and 11 MPa, respectively.
After recovering the CHDT to the surface, it was connected to the TLED spectrometer via a liquid delivery pump as well as the one-way flow system shown in Fig. 1a . The back pressure was set to 11 MPa. The flow line connected to the CHDT was initially filled with MQW. Since the formation fluid was slightly saline (the concentration of Cl was approximately 0.1 M), the replacement of the MQW by the formation fluid was recognized by monitoring the increase in EC. Once absorbance at 850 nm had stabilized at around 0, the mixture of BCG and mCP was introduced by another liquid delivery pump at the rate of 0.2 mL/min. The volume ratio of the indicators to the formation fluid was 1:10. Mixing of the formation fluid and indicators was also monitored by the decreasing EC. Figure 6 summarizes the pH measurements. The fluid changes were effectively monitored by changes in the EC (bottom of Fig. 6 ). When bubbles form by the degassing of CO2, EC drops to 0. The result of the EC measurement indicated that the pH was measured without the degassing of CO2. For the pH measurement, the consumed amount of formation water at the 1118 m depth was less than 50 mL (Fig. 6a) . In contrast, the stabilization time for the introduction of the fluid sample at the 1112 m depth was long (Fig. 6b ). The formation fluid collected from the 1112 m depth became suspended during the early stages of the sample flow (center of Fig. 6b ). The flow stabilization takes about 25 min (ca. 50 mL). The total volume using the pH measurements was ca. 100 mL. Sample suspension also appeared during measurement of the formation fluid collected from the 1119 m depth. This may have been caused by smears on the connection port of the CHDT. Occasional suspension of the flow line was able to be monitored in our system.
Ultimately, we obtained pH values of 7.95 ± 0.02, 5.67 ± 0.03, and 5.01 ± 0.02 for the formation fluid at the 1112.0, 1118.0, and 1119.5 m depths, respectively. Although the sample from the 1118.0 m depth was close to the CO2-bearing layer, its pH was higher than that at the 1119.5 m depth. In the CO2 reservoir, the flow of pore fluid is dominated by horizontal advection rather than vertical convection. The replace speed of the formation water with CO2 is controlled by the Darcy flow or capillary force. Thus, the formation water and CO2 were not mixed easily in the reservoir. At the OB-2, the formation water containing dissolved CO2 arrived faster at a depth of 1118.0 m than at a depth of 1119.5 m. 17 Therefore, there was sufficient time for the neutralization of acidified water by mineral dissolution at a depth of 1118.0 m.
When the pH was measured at atmospheric pressure, the values increased to 8.05 at the 1112.0 m depth, 6.18 at the 1118.0 m depth, and 9.32 at the 1119.5 m depth. The differences between the high-and atmospheric-pressure conditions were the result of dissolved CO2 escaping from the formation fluid by pressure release.
The importance of the gas-tight pH measurement was confirmed.
Conclusions
A colorimetric pH measurement using two dyes, bromocresol green (BCG) and metacresol purple (mCP), was found to be effective between pH 3 and 9. The accuracy of the measurement was confirmed by combining theoretical calculations and the measurements of total inorganic carbon. The uncertainty up to 20 MPa was less than 0.12 pH units without any correction of pressure effects. To improve the precision of the measurement, parameters such as the dissociation constants and the molar absorption ratios of the purified indicators should be calibrated at the target pressure using the actual formation water.
Using our systems, a gas-tight pH measurement of groundwater highly pressurized by CO2 was accomplished at between pH 5.0 and 9.3. The parameters obtained from pure water base solutions were used for pH measurements of the formation water collected from the Nagaoka site. To adapt our system for pH measurements at a highly saline site in the future, corrections of salinity effects should be considered. This system will be applied to monitor pH changes due to CO2-water-rock interactions. Fig. 6 Continuous measurement of pH collected from the CO2 reservoir. Sampling depth of 1118 m, located just below the CO2-bearing layer (a). Sampling depth of 1112 m, located above the CO2-bearing layer (b). The absorbance at 850 nm indicated the transparency of the sample. The electrical conductivity (EC) monitored liquid properties, which changed in the following order: MQW, formation water, formation water with indicators, and again formation water. The flow rate of the sample was 2 mL/min, and that of the indicators was 0.2 mL/min.
